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HIGH TEMPERATURE STABILITY OF THULIUM OXIDE
AND ITS COMPATIBILITY WITH REFRACTORY METALS

INTRODUCTION

This report presents a theoretical analysis of the vaporization behavior
of Tm203 and 1ts compatibility with potential fuel capsule materials.
Thulium-170 is a possible substitute fuel for 210po in thermionic and
Poodle applicatlons. The properties and high-temperature behavior of

thulla are being compliled for the Isotoplc Data Sheets.
SUMMARY
Thulla appears to be an 1deal fuel form for thermionic operation. The

only thullum oxlde, cublc Tm203, has a melting polnt approachlng 2400°C.

Vaporlzation occurs with constant composition according to the competing
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processes:

]

Tm203(s) 2Tmo(g) + 1/2 0,(g) Reaction 1

and

1}

TmpyO3(s) = 2Tm(g) + 3/2 0, (&) Reaction 2
Reactlon 2 predominates 8lightly to produce a total vapor pressure
glven by

log Py iaq(atm) = 7.36 - il%ig (

T in °K).

The total vapor pressure calculated from this expression 1s probably
accurate within a range of three decades at 2500°K. Values for AH298°K
for vaporization according to these two reactions are 443 * 40 kecal/mole
and 568 % 1 keal/mole, respectively. The boiling point of ‘I‘m203 is
estimated to be 4340 * 300°K, More precise measurement of the vapor
pressure can be made in the Knudsen effusion apparatus currently belng

used at SRL to measure the vaporization rate of curium oxides.

Tm203 should be compatible with refractory metals and alloys at high

temperatures. Thulla should not react with W, Re, or Mo or their alloys
even up to its estlmated melting point of 2645°K. Appreclable reaction
with Ta should only occur above 2000°K in an open capsule. Solld solution
ranges for Tm203 in these metals and vice versa should be small at high
temperature. Eutectic melting of Tm203 and refractory metals or alloy

compositions should be near 2000°C.

The decay product of Tm i1s another rare earth, Yb, which will be present

in so0lld solutlon with Tm203 and exhiblt nearly identical properties,.
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DISCUSSION

Two severe limitations of 210Po fuels for use at high temperature are
the absence of sufficilently refractory fuel compounds and the extreme
pyrophoricity of the fuels presently being considered. Thulium-170,
a possible substitute isotope for 210Po, has a nearly 1deal fuel com-
pound in Tm203. Thulia 1s extremely high melting, has a very low

Lol -t t e s ]
L Cempera-

_______ R alloys a
tures well over 1920°K, which is the emitter temperature for thermio-
onic dlodes. Thulla will not dissolve easily 1n sea water or react

with alr to enter 1life processes if 1t is exposed 1n a mission failure.
The excellent high-temperature behavior of thulia and some of 1its

properties are described below.

The four most important properties that must be known for design and
safety analyses of thermionlc heat sources are melting peint, thermal
conductivity, vapor pressure, and compatibility with refractory metal
contalners. The vaporization behavior and vapor pressure of Tmeo3
have not been determined, but they can be reliably estimated using
thermodynamic data avallable for Tm203 and similar data for other rare
earth oxides. Conslderable information on the compatibility of Tm203
with refractory metals exists or can be inferred from analogous

studies in other rare earth systems.

Refractory Propertlies of TmQQS

Cubic Tm203 1s the only oxlde of thulium. It i1s a "line compound, "

having a very small range of solid solution at high temperature.

_______

that might cause cracking or degradation of a fabricated fuel form.
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There 1s some evidence for a transition from cubic to hexagonal sym-
metry (A-Type RE203) at 2550°K.(1) Thulia 1s one of the most stable
oxldes known, with AH% at 298°K equal to -451.4 kcal/mole.(z) The
melting point of Tm203 has not been measured, but it 1s estimated to
be 2645 £ 25°K by analogy with the meltling temperature of related rare
earth oxides.(l’B)

.

Vaporization Behavior of Tm, 04
The vapor pressure of thulia must be known to evaluate fuel redistri-
butlon over long periods of time in thermal gradients and to determine
the rate of fuel loss on containment fallure because of temperature ex-

cursion on burial, shallow trajectory re-entry, or launch pad fire.

In order to measure or calculate vapor pressure, the chemical process

by which thulia vaporizes must be established. Thulia must vaporize to
a gas of the same composition as the solid (congruent vaporization) be-
cause no other stable oxlide can be formed by preferential loss of oxygen

or metal.

There are several processes to be considered by which Tm203 may vapor-
lze wlthout change in composition., The principal vaporization process
is the congruent vaporization process that develops the highest total
pressure at a particular temperature. Of these possible processes two
that develop the highest pressures are vaporization to ™mO(g) and
vaporization to the elements, according to Reactlions 1 and 2.

Tm203(s) = 2Tm0{g) + 1/2 0s(g) Reaction 1

Tmy05(s) = 2Tm(g) + 3/2 0,(g) Reactlon 2
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The magnitude of the pressures developed by these two processes was
estimated by the thermiodynamic analysis in Appendix I. The equations
developed for the total pressure as a function of temperature in the
range O to 4340°K (boiling point of Tm203) are:

log Py(atm) = 7.78 - ﬁi%gg for Reactlon 1,

and
log Pp(atm) = 7.36 - QE%QQ for Reaction 2.

While the errors in PT are large (a range of three decades), the error
difference 1in Pp for the two processes 18 small since the estimation

errors common to both calculatlions cancel,

Pressures calculated from these equations are compared at three temper-
atures in Table I. At each temperature the pressure developed by Reac-
tion 2 1s greater than that developed by Reaction 1. Conseqguently,

Reactlon 2 represents the predominant vaporization process.

TABLE I
VAPOR PRESSURE OF TmE_Q_3 AT VARIOUS TEMPERATURES
Pressure, atm
Temperature, °K Reaction 1 Reaction 2
2000 6.8 x 10711 3.2 x 10-9
2500 2.6 x 1077 5.4 x 2070
3000 6.5 x 107> 6.0 x 107%

Thus, the equation for the total pressure developed by Reaction 2 1s
the proper expression for the vapor pressure of Tm203(s) and 1t 1s

accurate within a range of three decades in the pressure at 2500°K.
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The data in Table I (and the corresponding equations) are shown graph-
lcally in Figure 1 as typlcal Clausius-Clapeyron plots. If Reactlons

1l and 2 are written so that each produces one total mole of gas, as they
are in Flgure 1, then the entropy change for both reactions should be
about the same. Under this condition, the predominant reaction (the one
that requires the least free energy to make a mole of gas) will be the
reactlion with the smallest heat of vaporization, Figure 1 shows that
Reactlon 2 does predominate. While the vapor pressure developed by Re-
actlon 2 1s higher, the pressure for Reaction 1 approaches the pressure
for Reactlon 2 at very high temperature, because the heat of vaporization
for Reaction 1 is larger. The standard heats of vaporization at 298°k
per mole.of Tm203 calculated from the data in Appendix I are %43 * 40

kcal/mole and 568 + 1 kcal/mole for Reactions 1 and 2, respectively.

These curves are appllcable up to the boiling point of Tm203. The boill-
ing polnt was estimated from the temperature at which the vapor pressure
equals 1 atm to be 4340°K % 300, which agrees with measured bolling

polnts of other RE203 compounds near 4200°K.(3)

White, Walsh, Ames, and Goldsteln determined the vaporization process for
several rare earth oxides, using mass spectrometric techniques to ldentify
the relative importance of MO,(g), MO(g), and M(g).(u) They found that
the lighter rare earth sesquioxides vaporize congruently principally

by Reaction 1. As atomlc number increases, Reaction 2 becomes more im-

portant. The contribution of MOe(g) to the vapor pressure is negligible.

Similar experiments on other RE203 compounds by Panish(5) Supported
these observations. Panish estimated from measurements of mass spectrom-

eter lon currents that the partial pressure of Tm(g) over Tm203 1s about
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10-6 atm at 2300°K and that PTm/PTmO 18 between 10 and 20, These ob-
servations are 1in excellent agreement with the values of PTm at 2300°K

of 3 x 10~7 atm and Ppy/Pp.5 of 13, calculated from Equations 2 and 4.

If the fuel capsule were to develop a leak and continue to operate at
2300°K or higher, the welght of Tm203 fuel that might be lost from a
fuel capsule over a long period of exposure would be small. The.

maximum loss can be calculated from the equation,

Bp=—W__ /T,
T a2t &4.3 M

where W is the welght loss, a 18 the area of the leak, t 15 the time,

and M is the average molecular weight of the gas.

For example, only about 5 mg of Tm203 would be lest through a pinhole
leak of 10'4 em® in six months at 2300°K. The error in the weight loss
calculated from this equation is directly proportiocnal to the error in
Pp. If a more accurate estimate of the fuel loss than can be calculated
from the exp
needed, the vapor pressure must be measured. The Knudsen effusion ap-~
paratus, already operating in the Actinide Materlals Facllity to measure
the vaporlzation rate of curium oxide can be used to measure the vapor-
i1zation rate and vapor pressure of 'I'm203 easlly to 104 and, with more

care, to 3%. If interest in “{“m 1ncreases and more accurate vapor

pressure data are needed, these measurements will be made.

Compatibility of Tmp0O3 With Refractory Metals

Reduction by Refractory Metals

Thulia should be compatible with W, Mo, and Re and their alloys even

above 1ts melting temperature, and with Ta up to 2300°K. Thus, from a
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materials: viewpoint, thulia may be i1deally sulted for operation as a heat
source for thermionlc or Poodle devices. Simple reactions of these
metals with Tm203 to form Tm liquld and refractory metal oxldes cannot
occur because of the very high stability of Tm203 compared to the sta-

bllity of the refractory metal oxides.

Reduction reactions with Ta, Mo, or W to form binary alloys and refractory
metal oxldes probably will not oceur because thullum does not form binary
compounds or extenslve solid solutions with any of these refractory metals.
Moriarity and Baenziger(é) found no intermediate compounds between W, Mo,
or Ta and Gd or Dy and limited mutual solublility. Daane and Spedding(7)
report less than 0.2 wt % Mo 1s soluble in Ce or la at 1570°K and find no
intermediate phases. Spedding and Daane(a’g) found that no Ta-Tm com-
pounds exist and that Tm will dissolve 1.5 wt % Ta to raise the melting

point of Tm by 135° to 1950°K.

The ©reactlon of TmpO3 with Re to form TmRey, 1s possible if TmReo
1s sufflciently stable. The existence of TmRe2 Sseems certaln since

Lundin(lo) has found YRe,, which melts at 2790°K. However, Foex and

11
4/

Traverase have melted Tm203 on rhenium filaments in high temperature

X-ray experiments with no vlsual reaction observed or unexpected changes

in ¥X-rav

Eutectic Meltlng

Melting of the eutectic composition formed between Tm,0; and the refrac-
tory metal contalner would increase surface contact to enhance diffusion
and would lead to fuel redistribution. But the eutectic temperatures

for Tm203 and pure refractory metals systems are expected to be well over
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2250°K. For example, the eutectic temperature for Y203~w 1s about 2405°K,
which 1s 285° less than the melting point of YéOB‘ No eutectlc melting
was reported by Hoyt, Cummings, Zimmerman and Perrine(ll) at 2270°K be-
tween W and Dy203, Smy03 or Eu203 (with melting points of 2610, 2595, and
2320°K, respectively). Eutectlc temperatures between refractory metal
alloys and Tm203 will be lower than for the corresponding systems, Tm203-

pure metals, but are expected to be near 2300°K.

Formation of Ternary Compounds

Reactions of Tm203 with the refractory metals and alloys to form ternary
compounds or extensive solid solutlons probably do not occur. No ternary
oxldes are known to exlst whose stoichiometry can be represented by a
stolchliometric combination of Tm2O3 and refractory metal. Some ternary
compounds do exist, e.g., tungstates, molybdates, and tantalates, but

they are oxygen~rich compared to the system TmpO3 -M.

Walsh, Goldstein and White'l?) found that La,0,

ably with Ta cruclbles above 2000°K to produce vapor pressures of La0(g)

and Nd203 react apprecl-

or NdO(g) that are comparable to the vapor pressure observed at tempera-
tures 200 to 300° higher in inert crucibles, according to the reaction
3 REp03 + Ta = 5REO(g) + RETa0y. Similar behavior would occur between
Ta and Tm203 in an open system. In a closed capsule with no temperature
gradients, tantalum will not reduce Tm203 or form TmTaOy even above the
melting point of Tm203, 8ince rapid achievement of the equilibrium pres-

sure of TmO(g) would prevent the reaction from continuing.
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Vapor Transport Reactlons

reaction between thulia and the container metal at high temperatures
presents the possibllity of vapor transport erosion of capsule metal

in a temperature gradient. This mechanism for incompatlbility has been
evaluated for tantalum transport, since tantalum 1is the refractory

metal most likely to show such an effect.

Temperature gradlents in a capsule should not cause a tantalum capsule

to be eroded from the inside even though TaO(g) is very stable and has

a falrly high vapor pressure at temperatures over 2000°K. Possible
transport processes involving TaO(g) are all endothermic and could trans-
port Ta only to cold surfaces where it exists initially anyway. Compatl-
bility failure because of vapor transport ina temperature gradient 1s even
less probable for Mo, W and Re since their gaseous oxldes are much less

stable than Ta0(g).

Experimental Conflrmation of Compatibllity

The compatibllity of Tm203 and other rare earth sesquioxides with W, Mo,
Re, Ta, and Nb has been demonstrated in several experiments. Thulia

has been heated to 2550°K 1n experiments of the order of hours of expos-
ure on W and Re filaments by Foex(lj and to 2270°K on W and Mo fila-
ments at SRL by W. C. Mosley in high temperature X-ray diffraction ex-

periments. No reactlion was observed either visually or by unexpected

(O3]

changes 1n X-ray pattern. Grossman(l has cycled yttrium sesquioxide

in a tungsten crucible through the melting point and observed only small
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solublility effects of W in YéOS and vlce versa. Several researchers

- 1 = = ——

1avVe use the vaporization behavior of
RE203, including Tm203, and found nc reaction with tungsten. Hoyt, et
a1{11l) nave studied the compatibility of Dyp03, Smy0s, and Eu,0g with
Mo, W, and Nb by heating powdered materials in vacuum for 2 hr at 2070-
22T0°K and subsequently examining the product metallographically; no

slgns of reaction were observed between any palr of oxide and metal.

A thulila wafer has been heated in & welded tantalum container at 2200°K
for 2% hr at SRL by J. R. Keskl with no reaction observed metallographi -

cally or by X-ray diffraction analysis. Reaction between Ta and 'I‘m203

by flowlng helium.

Influence of ¥Yb Decay Product

Thulia has the unique property of forming a decay product, ytterbium,

that 1s

almnat
» =) Tl e w

gtructure with 1ts parent. The ytterbium will form a solid solution
wlth Tmao3 as Tme_bexOS, and the high temperature behavior, stabillity,
and compatlbllity of this solid solution will be nearly identical to

Tm203.

(12,14)
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APPENDIX I

Vaporization by Reaction 1

From the Third Law of thermodynamics and the equilibrium constant for

Reaction 1, the standard free energy change at temperature i1s given by

AG:

Ho
!
F

From the stolchliometry for Reaction 1, the partlal pressures of the

gases are related by Pph. = 1/4 Pm which when substituted Into the
U2 lmu_, Ay L e St S o A A

free energy expression above gilves

AHS, - TASH = -RTfn P2 (1/4Ppo)1/2 = -RTfn 1/2 Pgﬁ :
The total pressure 1s related to the partlal pressures by

0 +1/% Popy = 5/% Pppgs

e AEINS

Protal = Pr = Ppmo + Po, = Pay

£y

8o that .
MBS, - TaSS = -RIfn 1/2(4/5 Pg)?/2 = -Re [fn 1/2(4/5)5/2

5/2 ]
+ AnPq .
Rearranging and solving for log, . P, produces Equation 1.

= 2 (TAS® - AHS -
log Pp(atm) (5)(4,576)T‘TAST AHp, 4.576T log 0.3) Equation 1

The standard heat of vaporization (QH%) and the standard entropy change
(AS%) for the vaporization at a particular temperature are evaluated

from the following equations:

AH,;. {w) + AH° (‘I‘m) + 1/2 D (o ]+ 2 Er's + T(_’L,I,l] TmO

AH (Tmo(g)) (cont'd)
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{cont'd)
+ 1/2(Hy - H)o, - AMpeg8(TmpOs) - (Hp, - H3298) im0,

Tm

885 = 287(Tm0) + 1/2 82(0,) - S5(Tm

203)
The significance of these terms and thelr calculated or estimated values
at 2500°K are described bhelow:

AHESOO for Reaction 1

D (TmO) = standard dissociation energy at 0°K for the decompo-
sition of TmO(g) into gaseous atoms = 122 * 20
kcal/mole from Figure 2(4)

]

AH?  (Tm)
vap

standard heat of vaporization of thulium at 0°K
= 58.4 kcal/mole(13)

l/ED:(OQ) = standard dissociation energy at 0°K of 0,(g) into
‘ gaseous atoms = 60.5 kcal/hole(15)

The standard heat of formation of TmO(g) at 298°K calculated from the
above terms 1s assumed to be the same as that calculated at 0°K.
S%(TmO) entropy of TmO(g) at 2500°K = 76 + 2 eu, estimated(h)

PR - HS
i\ o,
(-—~———-—~——T )

i

fi

free energy function to extrapolate energy of TmO(g)

TmO (4)
from O to 2500°K = 67 = 2 eu, estimated

(Hp - Hz)02 = difference 1n heat content of 0,(g) between 0 and
2500°K = 11.0 keal/mole(l5)

Q
f298 TmEO standard heat of formation of Tm203(s) at 298°K

4514 keal/mole 2)
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o _ o = b
T H298)Tm203 difference in heat content of Tm203(s) etween 298
and 2500°K = 84.6 * 15 kcal/mole, estimated from

Flgure 3(16)

The standard heat of vaporization calculated from the above data 1s

AH5500 = 411 + 75 kecal/mole at 2500°K. The uncertainty is the combina-
tion of uncertainties in the component terms, which were liberally
assigned,
ASESOO for Reaction 1
o - (4)
Sp(TmO) = 76 £ 2 eu, estimated
1
S%(Oe) = gstandard entropy of Oe(g) at 2500°K = 66.3 eu( 5)
S%(Tm203) = gtandard entropy of Tm203(s) at 2500°K = 98 + 10

eul®)

The standard entropy change for the vaporization at 2500°K 1s ASESOO
= 89 % 14 eu.

The final expression for total pressure as a function of temperature

[+] Q
according to Reaction 1 1s obtained by substituting AH2500 and ASESOO
in Equation 1.

log P, (atm) = 7.78 - §§%99 Equation 2

T

for temperatures between O and 4340°K (assuming AC; equals O over the
temperature range). The uncertainty in PT at 2500°K, arising from a
Q [~
combinatlon of the uncertalnty of estimation in AHESOO and ASESOO is
over a range of four decades. The uncertainty in PT changes with
temperature, but the magnitude at 2500°K is typical of the quality of

the data.
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Vaporization by Reaction 2

The free energy relatlon for Reaction 2, corresponding to that derived
2 P3/2

above for Reaction 1, is AF% = AHp - TAS% = -RTﬂnPTm o
2

From the stolchiometry, the partial pressures are related by

Po2 = 3/4 Ppys and the total pressure 1s given by
Pp = Pog + P02 = Py + 3/4PTm = 7/4?Tm.
Substitution into the free energy expression above produces

sy - mast = - RE[fa(3/m) Y2 (/1) T2 4 prel/2]

Agaln, rearranging and solving for log P produces Eguation 3.

log PT(atm) =

2 o e
B (7)(4.576)TP(TAST AHp - 4.576 T log 0.0915)

Equation 3

The component terms to calculate AH% and AS% are glven below, Most

of the quantities were calculated or estimated for Equatlion 1 above.

o _ o o _ g0 m - H°
AHg = 2‘-"‘1*:25953,\:::110(Tm) + 2(Hp - Higg)mm(g) * 3/2(HT - Hygg)o,

- MH{ogg(Tmy04) - (Hp - H598)Tm203

A3, 28%(Tm(g)) + 3/23%(02) - S%(Tm203)

AHESOO for Reaction 2

° o -
(HT - H298)Tm(g) = difference in heat content for Tm(g) between

298 and 2500°K = 12.2 * 1.0 kcal/mole from

Figure 4(4)

. A o S

AH§500 = 524,5 * 17 kecal/mole.
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AS°2500 for Reaction 2

Sn(Tm(g)) = standard

Ho

entropy of Tm(g) at 2500°K = 56 + 2 eu
estimated(u)

The standard entropy of vaporization at 2500°K is ASE%OO
= 113 £ 14 eu.

Equation 4 18 the derived relation between P and T obtained by

substituting AHjgnq and ASSSOO into Equation 3.

log Py(atm) = 7.36 - 3_1£29- Equation 4
for all temperatures between 0O and 4340°K, again assuming Acp = 0
at all temperatures. An uncertainty within a range of three decades

in the total pressure arises from the uncertainty of estimation in

AH5500 and A85500 in Equation y,

PKS.:8m
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Flgure 1. Total Pressure for Congruent Vaporization of Tm993
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Flgure 2. Dissoclation Energy for Rare Earth Monoxide Molecules(4)
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Flgure 3, Change in Enthalpy of Tm°93 With Temperature(16)
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Figure 4. Enthalpy of Rare Earth Vapor at 2500°K.




